t,, The effect of hypothermia on neuronal injury following permanent middle cerebral artery (MCA) occlusion in the rat was examined. Moderate hypothermia (body temperature 24"C) was induced before MCA occlusion (0-minute delay group) in six rats, at 30 minutes in eight rats, and at 1 (seven rats), 2 (seven rats), and 3 (nine rats) hours after occlusion. The rats were kept at a 24~ body temperature for 1 hour, then allowed to rewarm over 90 minutes. The animals were sacrificed 24 hours after MCA occlusion, and infarction was visualized by staining of coronal sections with 2,3,5-triphenyltetrazolium chloride. Infarct volumes were compared to matched normothermic control rats (body temperature 36'C). Additional groups of 0-minute delay hypothermic (10 rats) and control animals (nine rats) were sacrificed 72 hours after MCA occlusion to examine the effects of prolonged survival.
O
VER the last decade, there has been a resurgence in the use of hypothermic cerebral protection in neurosurgery. Systemic cooling and cardiopulmonary bypass have been increasingly used in the treatment of giant basilar and other complex aneurysms.3'16'25'39'41'61-63 A number of centers have instituted new hypothermia-based protocols to re-examine the efficacy of systemic cooling in treating severe head trauma, t7 This renewed interest in hypothermia is both a product of, and a catalyst for, the expanding research devoted to understanding the cellular mechanisms of ischemic neuronal injury. In an effort to characterize the temporal nature of hypothermic protection in permanent focal ischemia, we studied the effects of immediate and delayed hypothermia on neuronal injury following middle cerebral artery (MCA) occlusion in the rat.
Materials and Methods
The protocol used in this study has previously been reported in detail and was approved by the Institutional Animal Care and Use Committee. TM Aseptic technique was employed during all experiments. Adult male Wistar rats, each weighing 350 to 400 gm, were anesthetized with intraperitoneal chloral hydrate (400 mg/kg). The animals subsequently underwent right femoral artery cannulation, ligation of the right common carotid artery, and tracheal intubation under direct visualization. The rats were artificially ventilated with a Harvard rodent ventilator and adjustments were made to main- tain femoral artery blood gases within normal physiological limits. Blood gas and hematocrit levels were obtained preoperatively, after MCA occlusion, during hypothermia, and upon return to normothermia. Heart rate and blood pressure were recorded continuously. Contralateral temporalis muscle temperature was monitored throughout the experiment in all rats;* this appears to correlate closely with intraparenchymal brain temperature in our model (Table 1) . 45 With the animal in the left lateral decubitus position, an oblique incision was made between the inferior margin of the orbit and the tragus. The exposed temporalis muscle was dissected from the cranium to reveal the inferotemporal fossa. The coronoid process of the mandible was removed, and a craniectomy was performed with an electric drill.t The dura was opened and the MCA cauterized with a microbipolar unit.~ Interruption of the MCA took place midway between the olfactory tract and the inferior cerebral vein. The vessel was then divided, and the wound irrigated and closed.
All hypothermic rats were cooled in a standard fashion to 24"C body temperature over 45 minutes by the application of ice packs and were maintained at 24"C for 1 hour. They were then rewarmed to 36"C over 90 minutes and maintained at this temperature until fully awake. The first group of six rats were cooled to 24"C immediately prior to MCA occlusion ("0-minute delay"); the MCA was not occluded in these animals until their body temperature reached 24~ In subsequent experimental groups, cooling was initiated at 30 minutes (eight rats), 1 hour (seven rats), 2 hours (seven rats), or 3 hours (nine rats) after MCA occlusion. Nine normothermic control rats were maintained at 36"C with the use of a heat lamp thermocouple system.w Femoral arterial catheters were removed immediately prior to the rats awakening. The animals were then extubated and returned to their cages with free access to food and water.
Twenty-four hours after MCA occlusion, the rats were reanesthetized with chloral hydrate, perfused with 100 ml of normal saline, and decapitated. Additional groups of 10 0-minute delay rats and nine control animals were sacrificed 72 hours after MCA occlusion. The brains were removed and 3-mm coronal sections were made with the use of a rodent brain matrix.II Sections were immersed in 2% 2,3,5-triphenyltetrazolium chloride (TTC) in 0.9% phosphate-buffered saline, incubated for 30 minutes at 37"C, then placed in formalin/ After TTC staining, infarcted brain was visualized as the area of unstained tissue; viable tissue stained red.
Sections were photographed, and infarcted areas were computed at a blinded evaluation by planimetric analysis. 45 Infarct volume was calculated by multiplying infarcted areas by slice thickness and integrating over all slices. Infarct volume was also expressed as a percentage of the right hemisphere volume to correct for any weight differences between the animals. Statistical comparisons between the two groups were performed using the Student two-sided unpaired t-test.
Results
Physiological variables in all rat groups are presented in Table 2 . There was a transient, although significant, decline in heart rate and mean arterial blood pressure during systemic cooling. This most likely represents the cardiovascular depressive effect commonly seen with prolonged hypothermia.l~
The mean of the actual infarct volume and of the infarct volume expressed as a percentage of the right hemisphere volume are presented in Table 3 ; Fig. 1 represents a scatterplot of these data. In the rats cooled to 24~ before MCA occlusion (0-minute delay), 2.2% II Rodent brain matrix manufactured by Activational Systems, Inc., Warren, Michigan. -4-0.7% of the right hemisphere subsequently infarcted as compared to 10.8% _+ 1.5% in the control group (p < 0.01). When the induction of hypothermia was delayed 30 minutes or 1 hour, the percentage of fight hemisphere infarction was 4.4% _+ 0.9% and 3.6% _+ 1.1%, respectively; infarct volume for these groups was also significantly lower than control volume (p < 0.01). The animals in the 2-hour delay group had a significantly larger percentage of fight hemisphere infarction compared to control rats (17.1% _+ 2.4% vs. 10.8% + 1.5%, p < 0.01). However, there was no significant difference between the 3-hour delay group (12.0% _+ 2.7%) and the control group. The animals in the 0-minute delay group sacrificed at 72 hours had a percentage of right hemisphere infarction of 4.8% + 1.8% compared to 11.7% + 2.8% for their respective norrnothermic controls (p < 0.05), There were no significant differences between the two 0-minute delay groups sacrificed at 24 or 72 hours (mean 2.2% vs. 4.8%) or between the two control groups sacrificed at 24 or 72 hours (mean 10.8% vs.
11.7%). Discussion

Global Ischemia vs. Permanent Focal lschemia
The ability of hypothermia to minimize the ischemic susceptibility of the neuron has long been recognized. Rosomoff 65 Investigators have recently focused on discovering the pathophysiological mechanisms underlying this protection. During the past few years, the effects of hypothermia on global and focal transient cerebral ischemia have been extensively examined. 7-11.14.~5,2~ Although the effects of hypothermia in these systems have been extensively studied, less attention has been given to models of permanent focal ischemia, Rat models of MCA occlusion are widely used paradigms of permanent focal ischemia, and more closely mimic thromboembolic stroke or intraoperative vascular occlusion than do models of global or transient ischemia.
It is important to differentiate between global and focal ischemia because it appears that the mechanism of ischemic injury is not identical. In global ischemia, cessation of blood flow produces profound tissue hypoxia. This leads to depletion of cellular adenosine triphosphate and ensuing lactic acidosis due to glycolysis. s6 It is believed that this anoxic acidosis is largely responsible for glial and, subsequently, neuronal cell death. 49 The central portions of focally ischemic areas of brain behave in a similar fashion and undergo similar pathological changes. However, occlusion of a single vessel differs from global ischemia in that collateral blood flow partially perfuses the affected tissue. The ischemic penumbra is an area of incomplete ischemia surrounding a profoundly anoxic core of neuronal parenchyma. Astrup and colleagues ~ have characterized neurons in this region as having sufficient blood flow to maintain cellular ion gradients but not electrical activity. Acidosis in this penumbral region is not as pronounced as it is in globally ischemic parenchyma. 14' 5s Unfortunately, as cerebral blood flow (CBF) drops below a critical level in this region, the calciummediated release of glutamate and other excitotoxic mediators can lead to irreversible cell injury/4"6~ The collateral circulation in these areas appears to provide sufficient oxygen and high-energy metabolites to fuel calcium-mediated glutamate release, activate N-methyl-D-aspartate (NMDA) receptors, and allow arachidonic acid metabolism and free radical formation. ~4"~9'6~ In contrast, globally ischemic regions only transiently go through this phase and little excitotoxic neurotransmitter damage occurs.
In this study, we examined the effect of hypothermia on neuronal injury after permanent MCA occlusion in the rat. Hypothermia to 24~ significantly reduced cerebral infarction 24 hours after ischemia if rats were cooled before MCA occlusion or if the onset of cooling was delayed no longer than 1 hour after MCA occlusion. Delays of 2 hours or greater, however, resulted in no ischemic cerebral protection. We further demonstrated that, in rats subjected to hypothermia immediately prior to MCA occlusion, the degree of cerebral protection was not significantly different if the rats were sacrificed at 24 or 72 hours after MCA occlusion, This implies that the hypothermic protection is permanent and is not simply a temporary effect related to systemic cooling. We did not explore the relationship between cerebral protection and the degree of hypothermia. Moderate hypothermia (24"C) was chosen for our model because it recreates the conditions of intraoperative hypothermic circulatory arrest. However, many studies have proven that even minimal reductions in temperature can protect neurons from ischemia. J~ ~ 4,35,39,6?,68
Mechanisms of Hypothermic Protection
Several theories have been proposed to explain the protection from cerebral ischemia afforded by hypothermia. It is well established that systemic cooling decreases the cellular metabolic rate. 2~
There is a linear decline in the cerebral metabolic rate for oxygen (CMRO2) down to 24~ and a log-linear decrease thereafter. Below a rat body temperature of 28"C, the reduction in CMRO2 is more profound than the decrease in CBF?' The decline in cellular glucose requirements follows a similar path. 2~' 47 The decrease in metabolic oxygen and glucose requirements as well as a myriad of other physiological effects have led to the view that, in part, hypothermia preserves neuronal viability by decreasing cellular energy expenditure. ~, 6,1J,15, 20,28,34,38,43,66 By this mechanism, ischemic neuronal viability may be extended long enough for collateral blood flow to develop or until a transient period of ischemia subsides. 37'3s Hypothermia may also lower the critical threshold of CBF necessary to maintain neuronal viability, expanding the "ischemic penumbra" of potentially viable tissue surrounding an infarct.~'29
In addition, recent work has linked hypothermia with the suppression of glutamate excitotoxicity within the ischemic penumbra. The excessive release of glutamate and other neurotransmitters from ischemic neuronal tissue has been shown to contribute to cell injury and death. ~2'3' 59' 6~ It appears that this NMDA receptormediated injury occurs most convincingly in the penumbra surrounding focal areas of infarction. 12 A prolonged state of incomplete energy depletion persists which augments the excitotoxic process in these regions. 6~ Busto and coworkers ~ ~,2, and Duhaime and Ross 2z have independently examined the relationship between hypothermic cerebral protection and gluta-mate neurotoxicity. They have shown that part of the cerebral protection afforded by hypothermia can be linked to the presynaptic inhibition of glutamate release at the onset of neuronal ischemia. Thus, there appears to be an intimate relationship between hypothermic cerebral protection and suppression of glutamate-induced excitotoxicity in ischemic penumbral regions.
In a model of transient cerebral ischemia, Moyer and Welsh (DJ Moyer and FA Welsh, unpublished data) and Busto, et al., ~ separately found no protection if hypothermia was induced 40 minutes after the onset of ischemia. Both groups were able to demonstrate neuronal protection only if cooling was started less than 20 minutes after ischemia began. Furthermore, Gill, et al., 23 have shown that glutamate excitotoxicity can be prevented by MK-801 only if it is given less than 30 minutes after the onset of ischemia. Other studies of transient global ischemia have shown that peak presynaptic release of glutamate occurs between 20 and 50 minutes after vessel occlusion. 5' 11' 22"26 These findings suggest that protection in transient ischemia models occurs only when hypothermic induction precedes glutamate release.
In our model, however, significant protection was noted even when hypothermia was initiated 1 hour after the onset of ischemia, by which time peak glutamate release has already occurred. This may imply that in permanent focal ischemia, hypothermia acts on a different site of the glutamate excitotoxic cascade than that in transient ischemia. Alternatively, it may reflect a mechanism of protection other than suppression of excitotoxicity or cerebral metabolism. One possibility is that hypothermia alters the induction of the so-called "immediate-early genes" typically activated during the terminal events of cell injury. These genes, including the heat-shock genes and proto-oncogenes, are induced in dying cells and are considered to be markers of programmed cell death.18.3~176
Their resulting gene products are typically seen 1 to 2 hours after a cellular stress. Preliminary studies indicate that hypothermia can alter the expression of these genes and the expression of other genes intimately involved in cell death. 33
Delayed Neuronal Death
Pulsinelli and coworkers 48' 5~ and Kirino 3~ have shown in various animal systems that neuronal tissue exposed to transient ischemia may die in a delayed fashion over 72 hours or more. This progressive increase in irreversibly damaged cells includes cortical and striatal cells, as well as hippocampal neurons. A similar evolution in our model could lead the infarct volume in hypothermia-protected rats to approach the size of that in control animals after a number of days. However, our demonstration that differences in infarct volumes between the experimental and control groups are comparable at either 24 or 72 hours of survival suggests that substantial delayed neuronal death did not occur in this model. C. J. Baker, S. T. Onesti, and R. A. Solomon Our finding that animals in the 2-hour delay group demonstrated significantly greater infarct than control animals is interesting. It is possible that the delayed induction of hypothermia resulted in an exacerbation of the infarct. However, since rats in the 3-hour delay group displayed a nearly identical infarct volume as the control rats, the apparent increase in infarct volume in the 2-hour delay group may simply reflect the relatively small sample size. Since rats in the 3-hour delay group had a lower average blood pressure during hypotherrnia than those in the 2-hour delay group, hypotension cannot explain this difference.
Conclusions
In this rat model of permanent MCA occlusion, we were able to demonstrate that moderate hypothermia reduces infarct volume size when administered before or as much as I hour after the onset of ischemia. Furthermore, examination of the infarct in animals at 3 days suggests that this hypothermic protection is permanent in nature. 
